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            Abstract
Limiting the increase of CO2 in the atmosphere is one of the largest challenges of our generation1. Because carbon capture and storage is one of the few viable technologies that can mitigate current CO2 emissions2, much effort is focused on developing solid adsorbents that can efficiently capture CO2 from flue gases emitted from anthropogenic sources3. One class of materials that has attracted considerable interest in this context is metal–organic frameworks (MOFs), in which the careful combination of organic ligands with metal-ion nodes can, in principle, give rise to innumerable structurally and chemically distinct nanoporous MOFs. However, many MOFs that are optimized for the separation of CO2 from nitrogen4,5,6,7 do not perform well when using realistic flue gas that contains water, because water competes with CO2 for the same adsorption sites and thereby causes the materials to lose their selectivity. Although flue gases can be dried, this renders the capture process prohibitively expensive8,9. Here we show that data mining of a computational screening library of over 300,000 MOFs can identify different classes of strong CO2-binding sites—which we term ‘adsorbaphores’—that endow MOFs with CO2/N2 selectivity that persists in wet flue gases. We subsequently synthesized two water-stable MOFs containing the most hydrophobic adsorbaphore, and found that their carbon-capture performance is not affected by water and outperforms that of some commercial materials. Testing the performance of these MOFs in an industrial setting and consideration of the full capture process—including the targeted CO2 sink, such as geological storage or serving as a carbon source for the chemical industry—will be necessary to identify the optimal separation material.
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                    Fig. 1: Computational screening of MOFs for strong CO2 adsorption and selectivity.


Fig. 2: The effects of water on different MOFs with the same adsorbaphore.


Fig. 3: Structural representation and stability of [Al-PMOF] and [Al-PyrMOF].


Fig. 4: CO2 adsorption, 13C cross-polarization MAS NMR and breakthrough experiments for [Al-PMOF] and [Al-PyrMOF].



                


                
                    
                
            

            
                Data availability


The computed data and hypothetical materials that were used in this Article are provided free of charge on the Materials Cloud (https://doi.org/10.24435/materialscloud:2018.0016/v3). An interactive version of Fig. 1a, b can also be found on this site. Data that are not included in the paper are available upon reasonable request to the corresponding authors.



Code availability


Topology Based Crystal Constructor (ToBasCCo), the Python program used to build hypothetical MOFs, is hosted on GitHub at https://github.com/peteboyd/tobascco. The Python code that compares common chemical features between fragments is also provided on GitHub at https://github.com/peteboyd/adsorbaphore and is dependent on a C library called MCQD which performs the maximum clique detection of the chemical graphs. An interface between Python and C for this is provided here at https://github.com/peteboyd/mcqd_api. The Automatic Binding Site Locator (ABSL) program, used to identify CO2 binding sites in each MOF, is part of a broader Python-based code used to facilitate simulations of porous materials called Fully Automated Adsorption Analysis in Porous Solids (FA3PS). This is available on BitBucket at https://bitbucket.org/tdaff/automation.
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Extended data figures and tables

Extended Data Fig. 1 Hypothetical material generation (1).
The organic secondary building units (SBUs) used in the generation of the hypothetical MOF database.


Extended Data Fig. 2 Hypothetical material generation (2).
a, Metal SBUs used in the generation of the hypothetical MOF database. b, Functional groups used to decorate the unfunctionalized hypothetical MOFs in the database. We denote a hypothetical material as mXoYY, where X refers to the metal SBU shown in a and YY refers to the organic SBU shown in Extended Data Fig. 1. Functional groups were decorated onto the base hypothetical materials using an internal numbering system.


Extended Data Fig. 3 Examples of adsorbaphores.
A selection of the most representative adsorbaphores obtained from visual inspection of the top 50 most frequent adsorbaphores found from the random pairing method described in the Supplementary Information. There are three major trends in the molecular fragments—labelled A1, A2 and A3—which can be observed upon descending each column. The number of chemical features of the fragments increases from left to right across each row. This is accomplished by increasing the minimum number of common atoms allowed during the substructure search, called the minimum clique threshold (MCT). Pictured in each adsorbaphore is a representative contour map of the energy produced from CO2 binding with the adsorbaphore atoms from each original CO2-binding site. a–c, A1, planar aromatic systems, in which CO2 binds in between the stacked rings; d–f, A2, CO2 binds near the bridging oxygen of a pillared vanadium SBU; g–i, A3, CO2 binds between open-metal Cr SBUs.


Extended Data Fig. 4 Frequently found adsorbaphores.
a–c, Frequently found adsorbaphores from the maximum clique detection method; A1 (a); A2 (b) and A3 (c). Atom colours: grey, carbon; red, oxygen; green, vanadium; blue, chromium. d, Representative adsorbaphore A1 found in different hypothetical MOFs from the hypothetical database. The adsorbaphore atoms are highlighted in green.


Extended Data Fig. 5 Effect of the adsorbaphore spacer.
Left, plot of the CO2 adsorption at 0.15 bar and 313 K in hypothetical MOFs with the frz topology, metal node number 8 and organic linker number 67 (m8o67). The interplanar spacing of the adsorbaphore atoms is adjusted by reassembling the structure with longer or shorter Al–O bonds. Right, representation of the spacing adjustments made to the material.


Extended Data Fig. 6 Hypothetical MOFs built with the frz topology.
These structures contain an Al one-dimensional rod (m8) and the organic ligands 60–82 from Extended Data Figs. 1 and 2. The spacing between parallel aromatic cores (seen in the centre of each hypothetical MOF) is around 6.7 Å, defining the adsorbaphore site in each material. No functional groups were used to decorate these materials. We refer to the synthesized versions of m8o66 and m8o67 as Al-PMOF (Al2(OH)2(H2TCPP)) and Al-PyrMOF (Al2(OH)2(TBAPy)), respectively.


Extended Data Fig. 7 CO2 adsorption capacity of a class of frz-based hypothetical MOFs at 0.15 bar and 313K under ‘wet’ (85% relative humidity) and ‘dry’ flue gas conditions.
Top, middle, hypothetical MOFs in which the organic ligand is connected to the Al ion via 4 benzoate moieties; bottom, hypothetical MOFs in which the organic ligand is connected to the Al metal ion via 4 acetylenic carboxylate moieties. The materials are ranked from lowest adsorbaphore density to highest, and the number on the x axis corresponds to the organic linker number (YY) in m8oYY (see Extended Data Fig. 6).


Extended Data Fig. 8 NMR spectra.
a, b, 13C cross-polarization MAS spectrum of Al-PMOF (a) and Al-PyrMOF (b) recorded at 9.39 T with sample spinning at 8 kHz; the contact time for the cross-polarization experiment was 2 ms. The letters labelling the peaks of the spectra correspond to the labels on the carbon atoms in the structures on the left.


Extended Data Table 1 DFT binding energies of gas particles in the adsorbaphore pocket of each MOF synthesized in this workFull size table


Extended Data Table 2 DFT optimized cell parameters of hypothetical MOFsFull size table
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